were limited to forward motion, while others could also move sideways.
Background
prejudices [8, 9, 10] . They can be too complex or unconventional for a human designer to contemplate [11] . In many attempts to model behavior, the modeler's aim is to explain a set of data in terms of neural mechanisms
We have examined the behavior that evolves to enable and to predict new phenomena. Modeling behavior an animat to navigate to a goal that is situated close to a through artificial evolution is a different enterprise. The landmark, and we have compared the animat's solution starting point is not behavioral data but rather a behavioral with the way in which flying wasps and bees perform a task and a biologically plausible set of "building blocks" similar task. We find a remarkable convergence between that is fashioned through artificial evolution and selection the solutions of animats evolved from different initial into an artificial animal, or "animat" [1] that performs conditions and between animats and real insects. This the task. Any of the animat's characteristics-its sensors, tells us that the overriding constraints determining the control systems, or motors-can be either predefined or insect's solution are imposed by the task rather than by allowed to evolve [2, 3, 4] . the insects' evolutionary history. Historical contingencies have not hampered the insect's search for good solutions. Given an artificially evolved system that successfully solves a behavioral problem, one can then analyze both
Insect strategies
how the animat performs the task and the details of the In a typical experiment a wasp or a honeybee learns to artificial neural network (ANN) that generates the animat's collect sucrose from an inconspicuous feeder that is placed behavior [5, 6, 7] . Unlike a conventional model, an evolved close to a black cylinder that indicates the location of the model provides both a set of behavioral data and an explafeeder ( Figure 1 ). An insect familiar with the situation nation of that data, so it allows one to approach questions searches in the appropriate location relative to the landthat may be difficult to tackle in other ways. Evolutionary mark when the feeder is removed and the landmark is modeling also differs in another important respect; the shifted. The insect uses at least three distinct strategies solutions that evolution reaches are not limited by human during its approach to the feeding site ( [12]; Figure 1 ). The first is to aim at the landmark and treat it as an ingenuity and are relatively uncontaminated by human (ANNs), each of which was embedded in an animat [6, 20, 21] and connected to its simulated sensors and motors. The animat evolved in software to perform a navigational task in 2D that was broadly similar to that shown in Figure  1 . We analyzed the animat's behavior and the neural control systems mediating it. Two classes of animat have been developed. One, which we term "wasplike," has the potential to move both forward and sideways and so to vary the angle between its direction of travel and its body axis. We demonstrate the advantages that this animat has over the class of "antlike" animats that can turn but are compelled to move along the direction of their body axis.
Results and discussion

Simulation details
The animat obtains visual information about its simulated 2D world through a ring of 30 visual sensors (V 0 -V 29 ), each
The consistency of a wasp's approach flights to a feeder is illustrated of which reports the degree to which its 12Њ horizontal by four approaches and landings performed by one wasp. Blobs indicate the wasp's head, and the dash indicates the compass direction field is occluded by a circular, dark landmark ( Figure 2a ).
of its body axis-the same convention applies to the animats in later
The animat also monitors the direction in which it faces figures. In each approach, the wasp aims at the landmark (•) before through four sensors that monitor compass direction.
flying to the feeder (ϩ), where it adopts a consistent heading that Thus, like insects, the animat knows its orientation () remains the same throughout many approaches. Consequently, the landmark always takes up the same retinal position when the wasp and the position of a landmark edge on its retina ().
is at the feeder. Data from [28] .
It moves by using two or three sets of motors that develop thrust about a vertical axis. Each set consists of two independently controllable motors on a common axis. In the attractive beacon that can draw the insect from a wide antlike animat the two sets develop forward thrust and area [13, 14] . The second stage occurs when the insect is also torque, when the net thrust of the motors on each close to the beacon. The insect must then relinquish side is unbalanced. The wasplike animat also has two pairs fixation of the beacon, which fills a large part of its visual of motors that generate forward thrust (F) and torque. It field, and move toward the goal. It seems likely that an has in addition a third pair of motors, one of which develappropriate compass direction becomes associated with a ops thrust to the animat's left (S L ) and one to its right close-up view of the beacon [12] . In the last phase of its (S R ); neither has a torque component. We have ignored approach, the insect performs a kind of image matching the inertial properties of the animat. Viscous resistance that takes it to the goal [15, 16] . Much behavioral data predominates in small flying insects so that, to a first can be understood on the assumption that the insect has approximation, steady state velocity is proportional to previously stored a view of the landmark from the goal thrust [22] . when facing in a particular compass direction and that during the final phase it moves to regain the stored view
We added substantial amounts of noise to the outputs of and thus the position of the goal. During this phase, the both the sensors and the motors by multiplying the output insect adopts a constant orientation that remains fixed signals by an amount that varied randomly between Ϫ1.5 over many approaches, and it adjusts its position so that and ϩ1.5 in the case of visual sensors, between Ϫ1.15 the landmark falls on the right area of retina [12, 17] . and ϩ1.15 for compass neurons, and from Ϫ1.25 to ϩ1.25 Since the insect's orientation is fixed, this docking procefor the motors. With this amount of noise, continuous dure often involves it having a sideways as well as a sensory feedback is essential for controlled behavior. This forward component to its flight. The insect's ability to intrinsic noise changed at each time step. Evolutionary uncouple the direction in which it moves from the direcruns were also conducted in the presence of simulated tion in which it faces allows its landmark guidance system wind that superimposed slower translational perturbations to operate entirely with translational controllers and for on the motor output. In these runs a wind of randomly the insect to rely upon an independent system to govern chosen direction and amplitude (between 0.15 and 0.5 of rotation. It thereby reduces the dimensionality of the the animat's maximum thrust) lasted for a randomly choproblem of image matching.
sen duration between 0 and 15 time steps.
Evolved strategies
The animat was controlled by a recurrent ANN that was We used an evolutionary algorithm [18, 19] to transform a population of randomly wired artificial neural networks updated continuously with the following state equation Evolved navigational strategies of wasplike animats. (a) The task and three sample trajectories. The animat is released randomly on a circle 100 du from the center of the landmark (circle) and is selected to pass as close as possible to the goal (X). The trajectory divides naturally into different phases (P1-P4). In P1, the animat fixes the left edge of the landmark with its frontal retina. P2 and P3 occur when the animat is both inside and exiting the landmark. In P4, the animat maintains a constant orientation () and fixes the bottom edge of the landmark ( goal were evolved from small (approximately 3-5 units), scores, then an evolutionary search should be able to progress through regions of increasing fitness. sparsely and randomly connected ANNs, with no more than four links per neuron. The ANN was encoded by a single string of numbers containing a sequence of genes.
We chose as a fitness function a measure of the closest Each gene encoded a single neuron's properties, namely distance to the goal that the animat reached within a set its type (motor or interneuron); the activation threshold time, or, in some runs, its stopping distance from the goal. (, which ranged between 0 and 1); its time constant (, The use of proximity as a measure of fitness means that ranged between 0.5 and 16); the links that it made with a score can be given to any animat, from an incompetent sensors, motors, and other neurons; and the strength or novice to an expert, so that the same, simple selection weight of each connection (w, which ranged between Ϫ1 criterion can be applied throughout the evolutionary and 1, from inhibition to excitation).
process.
The set of all possible ANNs is represented by a set of The evolutionary algorithm used is illustrated in Figure  strings , or a vector space, with a fitness score associated 2b. Each member of some starting population P 1, P 2 …..P n with each vector. Selection acts to find strings implementis assessed for its fitness on the navigational task. The ing good solutions that attract high fitness scores. Roughly strings, or genomes, of two members selected by chance, with a bias in favor of those with relatively high scores, speaking, so long as similar vectors have similar fitness Figure 3b . This plot is a simplification. In fact, several landmark edges help control P4.
are recombined via crossover at a single point. Two strings 40,000 and 100,000 such cycles, with runs stopping if no significant change in fitness was seen over the final 10,000 result, one of which is chosen at random as an offspring cycles. (O) for the next generation. Heritable variation is introduced into the population by (a) low-frequency, singlepoint mutations (approximately three per genome) and
The trajectories and navigational strategies (b) a 2% probability of inserting or deleting a "gene" of wasplike animats coding for a neuron and its links. O is then decoded, its
We limit the discussion of this section to the five highest fitness is assessed, and it replaces a weaker member of scoring, wasplike animats that resulted from a total of 20 evolutionary runs in which the animat's task was to navithe population. Evolutionary runs consisted of between Trajectories at different evolutionary stages. The three trajectories shown in (a) and (b) capture the performance of the fittest animat in the population after large increases in population fitness. (a) Animats evolved to perform the standard task (as in Figure 3 ). At 2000 life cycles, the animat aims at the landmark and fixes its right-hand edge. After reaching the landmark, the animat circles around it. By 10,000 life cycles, P4 has partly emerged: retinal position () is fixed, but orientation () is not. At 40,000 life cycles, P4 is fully established. (b) Animat evolved, as in Figure 6b , from starting positions close to the goal. In this case no beacon aiming is seen. At 2000 life cycles, the animat faces in different compass directions when it is started from north and south, and it uses a sidewaysleft motor to reach the vicinity of the goal. By 20,000 life cycles, trajectories from the north end close to the goal, with and under partial control. Trajectories from the south are less precise. P4 is fully established for all starting positions by 80,000 life cycles.
Figure 6
Navigational strategies that evolved when animats with sideways motors were released at starting points that were either equidistant from the landmark and goal or were closer to the goal than to the landmark. Animats were selected in windy conditions to stop at the target. (a) A single trajectory from one animat shows the starting zone (thin gray rectangle). The -plot shows three trajectories from three different starting positions. In this evolutionary run the animats were oriented to face the landmark at the start of each trajectory. (b) Plots from another animat that was randomly oriented at the start of each trajectory. S shows the starting point of a trajectory, and X shows the goal. In both these examples, and others not shown, the animat follows a line from landmark to goal, and it exhibits the same navigational strategy in P4 as do animats evolved from more distant release points.
gate to a goal at 30 distance units (du) from the center of entering the landmark. The inclusion of this constraint a landmark (Figure 3a) . At the start of each trial, the would have complicated the fitness function and perhaps animat was placed randomly on a circle of radius 100 du biased the evolved strategies. The solutions reached by that was centered on the goal. For these evolutionary runs some evolutionary runs involved a phase inside the landthe animat initially faced the landmark. This condition mark (e.g., Figure 3a ), but in other runs the evolved animats is not essential, and similar strategies are found when always remained outside (e.g., Figures 6 and 10 ). In this animats start each trial facing in a randomly chosen direcsecond phase neither nor were controlled. Deprived tion (see Figure 6 ). Although each run began with a differof any visual signal, an intrinsically active left motor (L1) ent random starting population of 50 animats, the best caused the animat of Figure 3a to rotate until it faced in animats developed similar navigational strategies. In some a direction that excited a compass sensor that was conless successful evolutionary runs, animats became trapped nected to a sideways motor. The resulting sideways moon local fitness peaks and used less effective strategies.
tion carried the animat out of the landmark. In phase 3, the animat fixated the right landmark edge with sensor V 11 , which lies toward the back of the eye. Fixation, comTrajectories divide naturally into four phases (P1-P4). In bined with continuing sideways motion, caused the anthe first phase, the animat, like real wasps and bees, moves imat to pivot clockwise about the landmark. When the toward the landmark. In the three examples shown (Fig- animat faced in a northwesterly direction, an additional ure 3a), the animat controls its approach by keeping the control system was engaged that kept both and conright edge of the landmark on V 1 , irrespective of its starting stant and thus held the animat to a line that connected point. Edge-position, , is thus a maintained variable, the landmark to the goal. This last phase, with both but the animat's orientation, , is not. Beacon aiming and fixed, resembles to some extent the image matching simplifies the control of subsequent phases of the trajecproposed for wasps. tory. From all starting points the trajectories converge onto the north half of the landmark, after which they can coincide.
Phases 1 and 4 of the trajectories are clearly visible in the state-space plot of against (Figure 3b) , with shown circumferentially and shown radially. The first phase, Unlike real wasps, the animat was not prevented from Neural networks mediating P4 in wasplike animats that were evolved an animat displaced to different grid points. The animat was fixed at under one of three different conditions. (a i ) Selected to pass close a grid point facing directly away from the landmark, and the direction to goal. (a ii ) As in (a i ) but also subjected to random winds. (a iii ) in which it was heading was plotted after its rotational position had Selected to stop at the goal. in which the landmark edge is fixated frontally, lies along The main features of the -plots from separate evoluthe horizontal axis of the plot to the right of the center. tionary runs are strikingly similar (Figure 3c ), indicating The clusters formed by the three trajectories are smeared that the same navigational strategies emerge repeatedly. quite widely radially, reflecting the lack of any active Moreover, animats that evolved in an environment with control of . more landmarks have analogous trajectories and -plots, indicating that these navigational strategies are not a specific adaptation to a single landmark (Figure 4) . Although Phase 4, in which the animat travels the line from the the trajectories are initially aimed at different landmarks landmark to the goal with the landmark image held on depending on the animat's starting position, they conthe back of the retina, is represented by a single point verge on the same point in -space. in the state space on which all three trajectories have converged. If and are fixed jointly to carry the animat along a line to the goal, then for each possible value of
History or geometry?
there is a single corresponding value of . The loci of these pairs lie on the spiral superimposed onto theIn the situation illustrated in Figure 3 , the starting point plot. A tight cluster of data points on the spiral can thus of each trajectory is sufficiently distant from both landbe taken as a characteristic signature of the strategy emmark and goal that an animat can gain fitness just by ployed in phase 4.
aiming at the landmark. A possible scenario is that, in the early stages of its evolution, the animat first develops a control system for aiming at the landmark. It can then The attractors of phases 1 and 4 are well separated inincrease fitness further by travelling from the landmark space. In this simple task, the transition from one phase to the goal. In Figure 5 are shown examples of the trajectoto the next is accomplished without priming or inhibitory ries of a typical wasplike animat at three evolutionary links between the separate controllers of the different stages ( Figure 5 ). The earliest identifiable strategy phases. Switching between strategies happens automatiemerges after about 2000 life cycles. The animat aims cally and reactively as a consequence of the animat's location in -space.
successfully at the beacon, but on reaching the beacon The -plots suggest that several distinct control systems are involved in guiding the animat. By disabling individual units in the ANN, the subset of units essential for each Does this evolutionary series mean that moving along the control system can be identified. Because each subset line from landmark to goal is more a consequence of turns out to be small, its operation is relatively easy to history than of the intrinsic benefits of jointly fixing understand in terms of the activity of the individual units and ? To answer this question, we evolved standard within it. We briefly discuss the control system that underwasplike animats from a starting position in which the lies phase 4, during which the animat moves from landdistance to the goal was always equal or less than the mark to goal. Although the ANNs differ in detail between distance to the landmark ( Figure 6 ). In this case aiming evolutionary runs, the basic principles of their operation at the landmark cannot by itself increase fitness and guide the initial stages of evolution.
are constant. We start with the system that developed for coping with sensor and motor noise. We show how this system changes when animats are selected for the addiThe trajectories and -plots of animats evolved under tional competence of navigating in strong winds. Lastly, these conditions ( Figure 6 ) reveal that in many instances we describe the extra control device that evolved in anithe animat started by turning toward and moving a little mats that were selected to stop at the goal. way in the direction of the landmark. Thus, there was a component of beacon aiming even though it did not di-
The networks for all three variants consist of direct conrectly improve the animat's fitness. Its function was to nections from sensors to motor neurons with no intervenhelp position the animat for later stages of the trajectory.
ing or modulating interneurons ( Figure 7) . Two interThe animat's behavior in phase 4 closely resembles that locking control systems maintain and within the depicted in Figure 3 . Keeping and constant as in Figure 3 , the animat approached the goal on a direct line PHASE 4 attractor on the -plot. The simpler system from the landmark.
is that controlling . With no wind, two motorneurons, acting in tandem, fix the left edge of the landmark on visual sensor 17 (V 17 ). The forward motor neuron, L2, is Snapshots of trajectories from another animat that evolved constantly active and, if unchecked, will cause the animat under the same conditions as those of Figure 6b show to rotate clockwise, which will bring the landmark into that phase 4 is established by 80,000 life cycles without the field of view of V 17 . This tendency is counteracted a preceding phase of beacon aiming (Figure 5b ). The by a motorneuron, R12SR, that is activated by V 17 and same strategies thus emerge from quite different starting causes counterclockwise rotation. The action of R12SR points. We conclude that the evolved solution is deteris self-limiting; counterclockwise rotation shifts the landmined primarily by the nature of the task and may be reached via different evolutionary pathways.
mark away from V 17 , deactivating R12SR so that clockwise rotation resumes. This visual fixating mechanism is just a rotational controller and cannot prevent the animat from drifting away from the direct line from landmark to goal.
The two motorneurons responsible for the action of the visual control system drive the animat primarily westward, but there is also a slight northerly component to the movement. Were this northward tendency to be left uncorrected, the animat would gradually turn away from the direct line to the goal. Any such drift is prevented by a separate, compass-driven system that consists of a sideways motor, SL, which is activated by a north-sensitive compass unit (N). When the animat begins to turn into a slightly more northerly radius from the landmark, SL is activated and drives the animat southwards.
Note that, although the compass-driven response is caused by a rotational error, the output of the compass system influences only sideways motors and is thus purely translational. Errors in are detected through the compass system, but they can only be eliminated with the aid of the visual control loop. The two loops acting in concert are needed to keep the animat on the line from landmark to goal. Specifically, an error in induces a translational reaction that leads to a shift in . This visual error causes the animat to reorient so that is restored to the desired value and is thereby corrected. Allotting the motor control of translation and rotation to separate systems is likely to prevent interference between the two. The operation of these systems differs from what is proposed for wasps, in which a compass mechanism is thought to control the insect's orientation in azimuth and a visually guided translational system is thought to control the position of the landmark on the retina. The feature in common between wasps and animats is that separate sensory inputs control rotation and translation.
This animat has no means of resisting sustained winds that may drive it southward. With further selection in windy conditions, the control system mediating phase 4 excite both sensors at once. Turning a little, the animat with CB2. Once the animat has moved south of the line places the landmark between the sensors. All motors are E-X, the landmark falls from view, and the animat again deprived of input, and the animat comes to a stop.
turns to the north.
This strategy is less precise than those evolved by waspThese examples emphasize that the animat is able to like animats, which have the capacity to move sideways. adapt its control systems to cope with slight changes in The superiority of wasplike over antlike motor architecthe task and that, in finding a stable solution, the animat tures is especially clear in animats that were evolved in has not become stuck in an evolutionary cul-de-sac. simulated wind to stop at the goal. The wasplike animat stops within a few du of the goal, whereas the antlike
Antlike solutions
animat has a broad stopping area that depends on the Less efficient navigational strategies are evolved by antlike strength and direction of the wind (Figure 9 ). animats that do not have the capacity to move sideways. We illustrate the behavior of the fittest antlike animat to Evolving motor architectures emerge and compare it with its wasplike counterpart in If animats can select the arrangement of their motors as order to show that the evolved solution is sensitive not well as the circuits that control them, do they evolve only to the task the animat must perform but also to the the ability to move sideways? To answer this question, resources that the animat is given. The antlike animat, animats were evolved as before apart from changes to the like the wasplike ones, begins its approach by aiming arrangement of the motors. A motor was attached to each at the beacon. The major difference occurs in the final end of four virtual axles and generated thrust perpendicutrajectory phase (Figure 8 ), during which the animat's lar to that axle (Figure 10a ). At the start of an evolutionary orientation oscillates between the compass bearings CB1 run, all four axles were aligned so that thrust was entirely and CB2 as it travels along the line from landmark to goal forward. Selection was free to alter the orientation of each (Figure 8c ). This oscillation is seen in the -plot of axle in steps of about 20Њ. What angles were chosen? Figure 8b as a much broader spread of and than is found in the -plots of Figure 3 . It occurs because
In the three best-scoring animats obtained from ten evoluand are both maintained by rotational adjustments, as tionary runs in wind, the axles have in each case diverged can be seen from the network that mediates the last phase from their starting orientation and from each other, giving of the approach (Figure 8c) . a strong sideways component to the motion of all three animats (Figure 10b ). Although the motor architectures The network is organized as follows: visual sensor 15 at are very different from the standard wasplike one in Figthe back of the eye and a compass sensor (N) have inhibiure 2 and differ from each other, the animats still move tory links to neuron H. H in turn excites left-hand motors in a fixed orientation on the line from landmark to goal 1 and 2 (L1, L2). N also has a direct excitatory link to and so generate single clusters on the -plots. The same one right-hand motor (R). The long time constant of R navigational strategies are employed even though the means that the motor is on continuously during this last changed motor architecture means that the control circuits phase of the trajectory. Changes in the animat's orientaimplementing these strategies must differ in detail. tion are caused entirely by the varying input to L1 and L2 (Figure 8c) . Suppose that the animat faces along the Conclusions direction of CB2 below the line E-X. The compass input
The similarities between the navigational strategies of to H is then weak, and V15 receives no input. In consereal insects and those of animats that were generated quence, L1 and L2 are activated, and the animat turns through evolutionary algorithms suggest that these stratenorthward until it is parallel to the line CB1. At this point gies are primarily an adaptation to the demands of using further turning is prevented by the increased input to N. vision and compass information to fix a position in space Once the animat has moved above the line E-X, the rightand are not significantly compromised by historical conhand edge of the landmark is seen by V 15 . Added to that straints [26] . Animats end up with the same basic stratefrom N, the resulting inhibition from V 15 reduces the input gies when they evolve from different starting conditions, to L1 and L2 so that the animat starts to turn southward.
whether the environment contains one landmark or sevAs the animat turns, V 15 sees more of the landmark, so eral landmarks, and when motor architectures differ so that H is further inhibited. This inhibition means that the animat continues to turn southward until it is aligned that the circuits controlling the motors must also differ. The different solutions generated by animats with wasp- sensitive to the detailed demands of the task for which multiple strategies of landmark guidance in the approach to a feeder. J Comp Physiol A 1997, 181:47-58.
